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A STUDY AT HIGH ENERGY-RESOLUTION AND AT LOW 
PRIMARY ENERGIES OF THE SECONDARY ELECTRON EMISSION 
FROM (100) TUNGSTEN 
Thomas Clayton Piper, Ph.D. 
Department of Physics 
University of Illinois, 1966 
An apparatus has been designed and constructed to study 
secondary electron emission at low primary energies (0-50 eV). The 
apparatus, which is housed in an ultrahigh vacuum system, incor-
porates two l27-degree cylindrical, electrostatic energy selectors, 
one used as a primary beam monochromator and the other as a secondary 
electron energy analyzer. Most data reported were obtained with a 
net resolution of 72 meV, but some data were obtained with 30 meV 
resolution. beleterious effects due to magnetic fields, spurious 
electric fields, space charge, and spuriously scattered electrons are 
minimized by design features outlined. 
Secondary energy distribution and elastic-and-ine1astic 
reflection data are presented for primary electrons incident on both 
clean and gas-covered (100) tungsten. Structure in the elastic and 
inelastic reflection data are found to be associated with the band 
structure 6£ the tar.get. Reasonable agreement is obtained between 
the energy location of the structure in the data and the calculated 
energies of high symmetry points of bands rising above the vacuum 
level. Weak structure in the low energy, "secondary," portion of the 
secondary energy distribution is found to correlate with the structure 
in the elastic and inelastic reflection data. 
Discrete energy loss structure due to the excitation of 
vibrational levels of gas complexes adsorbed on the target is found 
in the region just beneath (~ 0 0 4 eV) the elastic peak for primary 
energies between 1 0 0 and 10 0 0 eVo Various adsorbed gasses are found 
to give rise to different spectra of discrete energy losses. 
The constant shape and location of the energy distribution 
of the elastic peak over the primary energy range 3.0 to 70 0 0 eV 
shows that shifting or broadening of the peak due to phonon excitation 
must be less than 10 meV over this entire energy range. 
1 
Chapter I 
SECONDARY ELECTRON EMISSION 
A, Introduction 
Secondary electron emission, SEE, is the name given the 
phenomenon discovered in 1902 by Austin and Stark,l They found that 
when a material is bombarded with a bea~ of electrons, electrons are 
emitted from the material, There are many reasons why this phenomenon 
cannot be wholly due to just inelastic reflection of the primary 
beam, but the most convincing reason is that the SEE current from 
many materials can exceed the incident current, 
Since 1902, a multitude of experiments and much theoretical 
work have been done relating to SEE, The experimental studies have 
been done in two basically different ways: by transmission and by 
reflection, In both cases. the energy and angular distribution of 
electrons leaving the target are studied, The factors affecting 
these distributions for transmission experiments are due mainly to 
bulk properties of the foil studied. while surface properties of the 
target can affect the results of reflection type SEE studies, Since 
the author is primarily interested in studying surfaces, no more will 
be said of transmission type SEE experiments, The reader interested 
in transmission experiments is referred to the review article by 
2 Marton et a1, 
2 
In reflection type SEE, there are several experimentally 
determinable quantities that are of interest for either theoretical 
or practical reasons, Five of these are: 
1) the secondary yield, 0, as a function of the primary energy; 
2) the electron energy distribution for various primary 
energies and emission angles, 
3) the angular distribution of the electrons for various 
primary and secondary energies; 
4) the elastic reflection coefficient as a function of the 
primary energy; and 
5) the inelastic reflection coefficient as a function of the 
primary energy for various energy losses. 
These quantities are all related to d2n(E , E ,O)/dE dO, the energy~ 
s p s 
angular distribution function which is defined as the number of 
electrons per incident electron emitted per unit solid angle and per 
~ 
unit energy range with an energy E , and a direction 0 for primary 
s 
electrons of energy E impinging on the target at a fixed direction p 
of incidence, 
Quantity 1), the secondary yiel~, is defin~d as 
50 eV 
6 (E ) 
Po 
= J J d
2
n(ES 1 
dE 
s 
Ep ,,0) 
Q 
dO dE dO 
s ' 
(1) 
o E =0 
s 
where Ep is constant and the angular integration is over all angles 
o 
of electron emergence. a(E ) is only clearly defined for high energy p 
primary electrons (above ~ 70 eV) where there is a clear separation 
3 
between the true secondary electrons and inelastically scattered 
primaries, An upper limit on the energy integration is arbitrarily 
chosen as 50 eV for the dividing energy between true secondary 
electrons and inelastic primary electrons. o(E ) is the quantity most p 
often measured in the past~ the easiest to measure, and has practical 
importance in the development of instruments such as the electron 
multiplier. It is still investigated, but its measurement shows 
little promise of yielding quantitative information concerning 
SlJrfaces. The interested reader is referred to the review article 
3 by Hachenberg and Brauer. 
Quantity 2), the electron energy distribution, is measured 
in different approximations depending on the method used. It is 
defined theoretically as the variation of the energy-angular distri-
bution function with E , for constant primary energy Ep , and fixed 
s 0 
~ 
observation direction 0 by 
o 
2 ·(E E , d.n s' Po [2 ) o 
df; dO 
s 
8E1 801 
J J d
2
n(E , Epo' s 
dEs db 
8E1 801 
[2 ) 
o dE 
s 
dO 
(2) 
where 8E1 is the incremental range of secondary energy passed by the 
energy-analyzer used and 801 is the acceptance solid angle of the 
analyzer. A 4ef1ection type energy analyzer gives the distribution 
of Eq, (2) almost directly, but unless one is very clever in electron 
optics, either 80 1 or 8E1 will change as ~he secondary energy, Es ' 
is varied, Taking the derivative (with respect to the retardation 
4 
voltage) of a retardation-collection curve yields the integral of 
Eq. (2) over all angles and has less structure than most individual 
curves of the energy distribution for some given emission direction. 
The quantity 3), the angular distribution of electrons for 
fixed primary energy Ep and secondary energy Es > 
o 0 
2 
d n(E so ' 
dE 
s 
E -> 
Po' 0) 
dO 
&E l &01 
J J 
2 -> d n(Es , Ep > 0) 
o 0 
dEs an 
8E l £101 
dE 
s 
dO 
is obtained by rotating an energy-analyzer about the target. Not 
(3) 
many angular distribution measurementsa:re found in the literature 
due to the problem of moving an energy analyzer around the target 
within the vacuum chamber. Actually, all the angular distribution 
studies of which the writer is aware have used fairly crude energy 
retardation techniques (rather than an energy analyzer or ac 
techniques) to select the range of secondary energies accepted, 
The quantity 4) and especi~l~y the quantity 5), the elastic 
and inelastic reflection coefficient respectively, have been reported 
very infrequently in the literature. The expression for the inelastic 
reflection coefficient for an energy loss. El ,and at an obser-
, oss . 
-> 
vation angle 0 is 
. 0 
d
2
n(E- Elos s ' E 
dE dO 
s 
E B) 
E' 0 
-> £1E l 801 d2n(E - E ,E, (
0
) 
ploss P J J dEs dO 
£1E l 801 
dE 
s 
dO 
(4) 
The expression for the elastic reflection coefficient is given by the 
special case El O. 
oss 
5 
In using SEE to study surfaces, changes in surface condition 
will show up as subtle changes in the shape of the distribution being 
taken. Thus, in order to detect these changes, the experimental 
apparatus must introduce little or no inherent broadening or degra-
dation of the data, If electrons of improper energy can scatter 
through the energy analyzers, data degradation results. Substantial 
care has 1;>een taken in the design of the apparatus used in this work 
to minimize degradation due to scattering, magnetic fields, etc, The 
details of the design are presented in the next chapter. The 
remainder of this chapter is divided into three parts~ First, an 
outline of the experimental work done in SEE by reflection at low 
primary energies in the last forty years is given. This outline 
points out several design faults which can result in erroneous results 
at low. electron energies. Second, a survey of the mechanisms 
relating to the e~planation of various features of SEE is given. 
Third, the types of structure that might possibly be observed using 
a carefully designed apparatus to study SEE by reflection at very low 
primary energies are outlined. 
B. Review of Low Primary Energy Secondary Electron Emission Experiments 
The primary purpose of reviewing results of previous SEE 
studies is to learn which ways researchers have been able to obtain 
valuable information concerning surfaces and to learn why data taken 
in the same way (but with different experimental systems) al;'e not the 
same and are often of little value, 
._--- ... _ .. _ .. --I 
6 
Table 1 tabulates the results and the design features of 
several experimental SEE studies. Some studies use magnetic analyzers~ 
some use electrostatic energy analyzers, and some use retardation 
techniques for energy analysis. Some use magnetic shielding and 
others do not. The target is kept in an electric field-free-region 
in some and not in others. One may well question what effect various 
apparatus design features have on the data that results. Since the 
affect of design faults will be to either diminish or completely 
obfiterate any structure that might be present in any of the measured 
quantities, the importance of eliminating a given design fault might 
pe deduced from the type and the clarity of the structure reported by 
the various investigators. Unfortunatley, examination of Table 1 
shows no obvious correlation between design features and the clarity 
of the structure reported. In certain cases when no structure was 
reported, design faults were present that could easily mask structure 
while in other experiments~ incorporating very similar apparatus 
design, structure was observed. The conclusions that can be drawn 
are: 
1) at high electron energies (~15 eV), structure will be 
weakened but not necessarily completely lost by the failure 
to 
a) prevent the detection of spuriously scattered 
electrons 
b) eliminate stray electric and magnetic fields 
c) minimize space charge effects 
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2) at low energies « 15 eV), all of these design failures are 
important and anyone of them present could prevent the 
observation of structure. 
Finally any fine-structure of a half width less than that of the 
electron source will not be observed. It is likely that substantial 
fine-structure exists in the energy-angular distributions for low 
energy primaries and that it will yield valuable information con-
cerning surfaces, This likelihood stimulated the approach of the 
present work where an apparatus has been designed to operate at very 
low energies and to have an ultimate energy resolution of less than 
0,1 eV. 
C. Survey of the Mechanisms of Secondary Electron Emission 
1. Introduction 
Although secondary electron emission is a very complicated 
process and at present cannot be adequately handled in any energy 
range, the essence of what the theory must take into account is not 
difficult to outline, When electrons impinge on a solid surface, some 
are turned back by the surface barrier interaction19 ,20 and some pass 
into the solid, Of the primaries that enter the target, some are 
turned back towards the surface before they have lost any energy to 
the target. Others lose energy to lattice electrons and perhaps are 
later turned back towards the target surface. Within the target, 
then, there are basically three types of excited electrons: 
1) elastically scattered electrons of primary energy E , 
P 
9 
2) primary electrons which have lost energy 
3) lattice electrons which have gained energy from the incident 
primaries via direct and indirect processes. 
A fraction of these electrons of energy E and lower proceed towards p 
the target surface. They encounter the same scattering and energy 
loss mechanisms on their way to the surface as the primaries did on 
their way into the bulk of the target, but now the electrons are of 
many different energies and headed in all directions. To develop the 
theory of secondary emission, it is necessary to develop a theory 
for each phase of the emission process, That is, a theory is required 
for: 
1) the calculation of the reflection and transmission of the 
incident beam of electrons at the surface barrier; 
2) the calculation of the elastic reflection of the portion of 
the incident beam that has entered the target; 
3) the calculation of the excitation of target lattice electrons 
by the incident electrons; 
4) the calculation of the diffusion of the electrons within the 
target back to the target surface that allows for further 
electron-electron and electron-lattice interactions; and 
5) the calculation of the transmission of the electrons through 
the target surface. 
At present, no theory has been developed that covers each 
and every phase of the secondary emission process. Further, the 
10 
assumptions made in the development of the theory for-even a single 
phase of the secondary emission process often $everely limits the 
range of its usefulness. An outline of the mechanisms of elastic and 
inelastic scattering that at least come near to being applicable in 
the energy range of the present experiment is given below. Although 
the diffusion process is not discussed, it is felt that mean free 
path arguments similar to those used by Berglund and Spicer2l in the 
theory of photo-electric electron emission are more to the point for 
use at low primary energies than the recent diffusion calculations 
of Puff,22 which are probably useful for high energy primaries. 
Further, no ou.tline is given for the electron emergence process, 
although in the analysis of the data (Chapter V) simple surface 
refraction is introduced and found to be of only limited use in 
explaining the data. 
2. Elastic and nearly elastic scattering processes 
Although the mechanisms that lead predominately to inelastic 
scattering of primary.electrons can also elastically scatter a few 
primaries, there are three mechanisms which are responsible for the 
majority of the elastically scattered electrons. These are surface 
scattering, Bragg reflection, and phonon scattering. Combinations of 
these scattering processes can also cause elastic scattering. The 
first two mechanisms will produce perfectly elastic scattering, while 
phonon interactions will involve either the loss or gain of a few meV 
energy. 
11 
MacCol120 has calculated elastic scattering from the surface 
barrier for one dimension 0 He shows that some electrons incident on 
a target p because of the abrupt change in potential and the periodic 
variation of potential within the target, are elastically reflected o 
MacCollus calculations show that the surface reflection coefficient 
remains non-zero for all energies of electron incidence from zero 
through the first Bragg reflection energyo Thus, the surface can 
absorb continuous amounts of momenta, in a direction normal to the 
target surface, as large as that involved in the first Bragg reflectiono 
Phonons can also absorb momenta in the same rangeo 
Combinations of the elastic scattering mechanisms would allow a low 
energy electron incident on the target to be deflected elastically 
into nearly any direction in the crystal o The surface mechanism 
alone could cause large amounts of elastic (specular) scattering of 
electrons 0 If the electron were not surface reflected, either a 
combination of the surface mechanism and Bragg reflection or a combi-
nation of the phonon scattering and the Bragg reflection would allow 
the incident electron a wide choice of (excited) final states within 
the crystal without involving a loss in energy 0 Models of this type 
are used in Chapter V to explain portions of the data obtained o 
3 0 Inelastic scattering mechanisms 
Inelastic scattering occurring within the target quite 
generally involves the interaction of the primary electron (or other 
excited electrons) with the lattice electrons 0 Various calculations 
12 
of this process have assumed different degrees of binding of the 
lattice electrons, The different degrees of binding assumed lead to 
different results in the calculation of the excitation and loss of 
energy for the various electrons involved, and consequently, each such 
assumption leads to a different theoretically predicted secondary 
electron. energy distribution, 
Froh1ich23 and Woo1dridge24 assumed very weak binding of the 
lattice electron and concluded falsely that only electron-electron 
interactions involving Umklapp processes could lead to significant 
secondary emission, Rudberg and Slate/5 as.sumed strong binding of 
the lattice electrons and were able to approximately predict the 
presence of some discrete energy loss peaks observed by Rudberg,26 
Later, Baroody27 showed that weak binding without the Umk1app process 
could also lead to significant secondary electron emission if the 
elastic scattering processes. discussed in the subs:ection above are 
taken into accounto In 1952, Dekker and Van Der Zie1 28 published a 
paper that placed the inelastic scattering theories of the above 
mentioned authors on a common basis o In 1953~ Van Der Zie129 modified 
the unified theory by the use of a screened coulomb potential rather 
than the previously used unscreened coulomb potentia1 o This modified 
f0rm of the theory brought little new after Burns 15 in 1960 pointed 
out an error in Van Der Zie1 us ca1culationo The interested reader is 
referred to the literature cited for any further discussion of the 
electron-electron inelastic scattering process o The main objections 
to applying this theory directly to the explanation of the present 
______ ~~~~~ __ ~~~ _O~ 0 
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data are: in all calculations the first Born approximation was 
employed, and in all calculations it was assumed that the magnitude of 
the change in the momenta of the incident electron due to scattering 
is much less than the original magnitude of the incident electron 
momenta 0 The latter approximation is nearly certainly incorrect for 
the low primary energies used in the present experiment 0 
Another means by which inelastic scattering can occur is in 
the excitation of plasma oscillations of the lattice electrons 0 In 
the proper primary energy range, the presence of the plasma excitation 
is generally observed in the secondary electron energy distribution 
as a series of peaks beneath the elastic peak at multiples of the 
energy,~dinterval hJ4TT ne2/m ergs 0 Plasma excitations were not 
observed at the low primary energies used in the present experiment, 
and the interested reader is referred to the 1iteratureo 30 
Other mechanisms leading to discrete energy losses are the 
excitation of electrons to unfilled excited levels of gases adsorbed 
on the surface of the target and the excitation of the vibrational 
levels of the adsorbed gas "mo1ecu1eso" Until the present experiment 
the latter has not, to the authors knowledge, been observedo The 
present investigation (the results are presented in Chapter~IV) allow 
the definite and repeatable observation of the e~citation of several 
vibrational levels of gas! adsorbed on the target surfaceo 
Do Types of Structure Likely to be Observed 
Considering for the moment targets of all types, some of 
the types of structure that might been seen and their causes are: 
14 
1) bulk-surface effects 
a) band structure of the target 
b) a shifting and broadening of the position and width of 
the elastic peak due to phonon excitation scattering 
c) structure due to excitation of donor or acceptor levels 
in a semiconductor 
d) structure due to excitation of color centers in alkali 
halides 
2) Surface effects 
a) discrete loss structure due to the excitation of elec-
tronic levels of adsorbed gases 
b) discrete loss fine-structure due to the excitation of 
vibrational levels of adsorbed gases 
c) structure due to excitation of surface states of 
semiconductors, 
There are, of course, others, Since structure observed experimentally 
in SEE is probably always due to two or more mechanisms, the analysis 
of the experimental data will be difficult unless one particular 
roechanism predominates in the scattering process and the emission 
mechanism happens to be simple, 
15 
Chapter II 
APPARATUS 
Figo 1 shows a schematic of the apparatus used in this 
work o The instru~ent consists of an electron source (cathode), mono-
chromator, target chamber, target, energy-analyzer, and a detector 
(electron multiplier). The operation of the system is as follows: 
Electrons from the cathode are directed onto the entrance slit of 
the monochromator o Electrons from a small energy band of the 
Maxwellian distribution pass through the monochromator and strike the 
target. A portion of the electrons produced at the target, by the 
impact of the primary beam, falls on the entrance slit of the analyzer 
and a small energy band of these electrons passes through the analyzer 
and strikes the first dynode of the electron multiplier. By varying 
the voltages of certain electrodes while keeping the other voltages 
fixed, several types of data can be obtained. These various modes 
of operation will be described in the chapter on experimental 
procedure 0 The design and construction of the apparatus is discussed 
in the following sections. 
A. Cathode 
The cathode is a 0.020" X 0.002" X 0.500" oxide-embedded-
platinum ribbon supported by a 25L6 cathode sleave and heated by a 
25L6 heater. This low-temperature, indirectly-heated cathode has 
several characteristics which are advantageous for this instrument. 
E A 
~0
l 
F 
o
 
1 
2 
3 
(c
m)
 
An
al
yz
er
 
D
ef
le
ct
io
n 
pl
at
es
 (g
rid
s) 
Ta
rg
et
 c
ha
m
be
r 
4 
5 
FI
G
. 
1 
Sc
he
m
at
ic
 o
f 
th
e 
a
pp
ar
at
us
. 
CQ
lle
cti
on
 p
la
te
s 
s 
t-
" 
'"
 
17 
First, the energy width of the Maxwellian distribution of thermal 
electrons is relatively small due to the low operating temperature. 
Thus, a greater fraction of the electrons entering the monochromator 
have energies within the pass band of the instrument yielding more 
current through the monochromator for a giJven space charge in ,the 
monochromator, Second, there is no "IR" drop along the cathode, 
This, also, gives a greater fraction of the emitted electrons in the 
·energy pass band, Finally, by carefully arranging the 2SL6 multi-
dipole heater to keep each of the various dipoles together and slightly 
away from the emitting surface, the magnetic field at the emitting 
surface can be greatly reduced, This minimization of the magnetic 
field (to.~ Smilligauss) at the emission surface is important for 
proper operation of the monochromator at low voltages because the 
transverse component of velocity given to the electrons by the mag-
netic field increases relative to the normal component of velocity as 
the voltage from cathode to monochromator is reduced. 
Two plates located Qeside the cathode, which are operated 
at negative potential with respect to the cathode, allow some adjust-
ment of the electron flow into the monochromator, The potentials of 
these plates are adjusted to give maximum cu;rent to the target, The 
cathode is totally enclosed (see Fig, 2) in ~rder that the target 
current measured consists only of the curr~nt passing through the 
monochromator, 
18 
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~, Monochromator and EnergYEAna1yzer 
Since the monochromator and the energy-analyzer are identical 
in construction, only the monochromator will be described, The 
monochromator is a 127-degree, cylindrical, electrostatic, energy-
selector similar to the one described byMar~et and Kerwin,31 The 
Mar~et and Kerwin selector is an improved version of the 127-degree 
energy selector first proposed, constructed, and treated theoretically 
by Hughes, Rojansky, and McMillan. 32 ,33 The theoretical treatment of 
Hughes and Rojansky32 shows that the 127-degree electrostatic selector 
has first order focusing in the plane normal to the radial axis for 
electrons entering at the proper energy but slightly off normal inci-
dence to the plane of the entrance slit. The treatment also shows 
that 127"degr~es is the angle giving optimum resolution-transmission 
characteristics, The pass voltage is given by 
V pass 
-1 
= VM . (~n r 2/r l ) (5 ) 
wheree'V is the kinetic energy of electrons which pass .through pass 
an energy selector that has deflection plates of radius r 2 and r 1 , 
and the deflection grids maintained at potentials V - VM and pass 
V + VM respectively (see Fig, pass 11, Chapter III), 
Figs, 3 and 4 show the main features of construction of 
our monochromator, and Table 2 lists the important dimensions, These 
figures show that the deflection plates are actually grids fastened 
to solid supports by retainer rings at both top and bottom with 
"-I 
I 
I 
FIG. 3 
FIG. 4 
Monochromator with entrance aperature-plate removed 
showing the deflection grids and collection plates. 
Monochromator with cover and aperature-plates removed 
showing the method of insulating and aligning the 
deflection grids~ 
20 
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electron collection plates placed directly behind the deflection 
grids. See Appendix A concerning the fabrication and plating of the 
grids, and ~ee Appendix B concerning the platinum-black plating of 
the collection plates. These plates are held in place by screws 
insulated from the grid support by A1 203 spacers. Grid supports 
are firmly held in position in the monochromator case by ~-inch dia . 
. A1 Z03 studs. 
TABLE 2 
Monochromator dimensions 
Radius of inner collection plate 1.65 cm 
Radius of inner deflection grid 2.10 cm 
Radius of outer deflection grid 2.40 cm 
Radius of outer collection plate 2.85 cm 
Radius to slit center 2.25 cm 
Slit width, L1R 0.05 cm 
Effective slit material thickness 0.005 cm 
Slit height 0.60 cm 
Lattice dimension of grids 0.05 cm 
Transparency of grids 70% 
These studs fit into holes in both the monochromator case and the 
deflection grid supports providing insulation as well as precise 
alignment of the grids. The monochromator, target chamber, and 
energy-analyzer are accurately located and insulated from the base 
plate in the same manner used for alignment of the deflection grids 
(see Figs. 2 and 4). 
Some aspects of the monochromator design proceed from a 
slightly different point of view from that of Marmet and Kerwin and 
of G. J. Schu1z. 34 In particular, no top or bottom grids have been 
22 
used, and the deflection grids used are of larger radii and of closer 
spacing than theirs. 
Calculations of the effect of the magnetic field from a 
directly heated cathode indicate that there is no need for top and 
bottom deflection grids and that the monochromator will work more 
nearly as predicted theoretically, if one use.s indirectly heated 
cathode and arranges the cathode heater as described above. This 
study also indicates that the more the magnetic field from all sources 
(such as the Earth's field and the residual field from machined 
* stainless steel parts ) is reduced, the larger the deflection grid 
radii can be and the monochromator still operate. 
The space charge' considerations, which indicated that a 
low temperature cathode should be used, also shows that the spacing, 
d, between the deflection grids should be as small as consistent 
with other restrictions that might affect the choice of this spacing. 
When one chooses a maximum acceptance angle and considers the effects 
(at the lowest pass energy to be used) of variations in the deflection 
grid work function from one region to another, one obtains a lower 
limit on the spacing, d. 
* All monochromator parts are of 304 stainless steel and 
were dry H2 fired to 1100 C. to anneal out all residual magnetism due 
to machining. 
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For a monochromator with 0.05 om slits, + 3\-degrees accep-
tance angle, operating at 1.0 eV pass energy, and a resolution of 
0,025 eV, the theoretical expression for the resolution given by 
Hughes and Rojansky32 determines R, the mean radius of the deflection 
grids: 
ill 
V pass 
= [;,R + 4rJ.2 
R 3 
where 2[;,V = voltage resolution, V = pass voltage, [;,R = slit pass 
width, ~ = $cceptance angle (radians). This gives R = 2.0 cm. 
(6) 
For an acceptance angle of ± 3\ degrees and a mean radius 
of 2.0 cm, the calculations of Hughes and Rojansky indicate that the 
grids must be spaced at least 2.0 mm apart. For d = 2 mm and 
V = 1.0 V, Eq. (5) gives 2VM ~ 0.2 V. If this is not several pass 
times larger than work function variations along the grids, the 
energy selectors will not work properly at low pass energies. Since 
the ratio 0.2/0.05 4 is not especially large, d 3.0 mm is chosen 
as a reasonable compromise to make this ratio somewhat larger. As 
Table 2 shows, the deflection grid radii are 2.10 and 2.40 cm. 
Eq. (5) gives 
V pass 
-1 VM . (.en r2/r1) VM/0.1335 (7) 
as the relationship governing the pass energy. For a monochromator 
of these dimensions operating at 1.0 V pass energy, the magnetic 
field must be ~ 3 milligauss in order that it cause little disturbance 
in the monochromator operation. 
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The reduction of the magnetic field to ~ 3 milligauss has 
been achieved by: 
1) using the special cathode and heater arrangement described 
earlier; 
2) . keeping the leads carrying current to the cathode heater 
closely spaced and at a sufficient distance to give a negli-
~ib~e field in the region of the electron trajectories; 
3) firing of all stainless steel parts (including screws and 
washers) in dry H2 to 11000 C to eliminate the residual 
magnetization; 
~'~ 
4) using a single Co-Netic AA high permeability cylindrical 
shield inside the vacuum chamber around the apparatus to 
shield the apparatus fro~a residual field of about 60 
milligauss originating from the stainless steel vacuum 
chamber; and 
5) * placing a three-layer concentric Co-Netic AA high-permiabity-
material box around the vacuum chamber to reduce the Earth's 
field to < 2 milligauss. 
* Made by Ma~netic Shielding Division of Perfection Mica 
Company, 1322 North Elston Avenue, Chicago 22, Illinois. 
25 
C. Target Chamber. Tar&,et Lift Mechanism. and Target 
Fig, 1 shows the main. features of the target chamber and 
the position of the target in the chamber. The dashed lines represent 
grids, and the parts la~eled N are electron collection plates. Fig. 5 
. is a picture of the target chamber with the entrance slit-plate 
removed, It shows the grids and the way that the collection plates 
are insulated from the chamber by slit A1 203 tubing, The grids are 
photo-chemically machined, rhodium plated, and have the same mesh 
size as the deflection grids in the energy selectors. The entrance 
slit is 1,50 rom wide and 1.0 cm long, and the exit slit is 1.25 mm 
wide and 1,0 cm long. The rods-beneath the chamber (see Fig. 5) make 
electrical contact with the collection plates. The target chanWer of 
course is used to provide a field free region around the target. The 
actual benefits derived by the use of a target chamber and by adding 
grids with collection plates are discussed in the cha~ter on experi-
mental procedure, 
The target is inserted into and withdrawn from the target 
chaml:>er via the oblong hole in the top of the chamber. The target 
lift mechanism consists of a bellows actuated lever-arm and sliding 
yoke assembly. Some of the parts of ·this mechanism are visible in 
Fig. 2, The target is cleaned by removing it from the target chamber 
and heating it by electron Qombardment. The target support is 
electrically guarded in order that the relatively low current 
-9 -8 (10 to 10 A) from the monochromator can be accurately measured. 
FIG. 5 Photograph of the target chamoer with the grids 
and collection plates partially exposed. 
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The target used in the present work is a D.D05-inch thick, 
0.a5-inch wide, and 0.]5~inch long tungsten single crystal with (100) 
orientation. The thin ribbon crystal was cut by the sparkerrosion 
process from a high purity tungsten single crystal ingot (obtained 
from the Linde C6rporation) with 100 axis. After electropolishing 
the surface approximately 250 \-L, a crisp back-reflection Laue photo-
graph was obtained showing the crystal surface to be within two 
degrees of (100) orientation. 35 
D. System Electronics 
Fig. 6 shows a block diagram of the system electronics. 
The mu1ti-channe1-sca1er, MCS, (Nuclear Data Model 180) has a 512 
. channel memory. One-quarter, one-half, or all of this memory may be 
used in accumulating data. In the multi-scaling mode, the memory 
address of the MCS is advanced by an accurate crystal oscillator. 
A sweep rate of 10 msec/channe1 is generally used. A voltage pro-
portiona1 to channel location in the memory section being used is 
available as an analog output from the MCS. The sweep voltage, 
¥ , indicated in Fig. 6, is obtained by amplifying the analog 
sweep 
voltage from the MCS by the amount appropriate with a dc amplifier 
of variable gain. Since the variable gain, dc amplifier is con-
structed of conventional operational amplifiers, its output is fixed 
with respect to ground. 
The power supply block shown in Fig. 6 consists of four 
0.05% regulated, transistorized, and isolated supplies (Kepco ABC-40) 
Mult i -Channel-
Scaler 
(MCS) 
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Amplifier 
+' 
HV 
=*= decoupling 
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Experimental 
Apparatus 
FIG. 6 Block diagram of the system electronics. 
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connected to the control circuitry as shown in Fig. 7. The power 
modules located within the control panel are also 0.05% regulated, 
solid state, and isolated. Fig. 7 shows the control panel circuitry. 
The lettered lines from the control panel connect to the parts of the 
experimental apparatus labeled with the same letter (see Fig. 1). 
The electron multiplier has 17 BeCu Stages and a gain of 
107 . The dynode voltages are supplied via the voltage drop maintained 
across a chain of glass-encapsulated, bakeab1e resistors fastened 
from dynode to dynode on the multiplier. A decoup1ing capacitor 
passes the pulses while isolating the pre-amplifier from the high 
voltage of the electron mUltiplier output. 
The pre-amplifier is of the charge sensitive type (Tenne1ec 
mo.del 100B). The pre-amplifier actually contains the decoupling 
capacitor mentioned above. The linear amplifier (Sturrup model 2801) 
is used in the double delay line mode (see Fig. 6). 
The system electronics function together as follows: As the 
MCS moves from one channel to the next, the channel analog changes 
the voltage, ~ ,to the experiment. As ~ changes, different 
sweep . sweep 
numbers of electrons are able to reach the electron multiplier by 
having the proper·energy to pass through the ener~y-ana1yzer. Each 
electron reachin~ the electron multiplier input results in the 
passage of a pulse through the pre-amplifier and the linear amplifier 
to the MCS input. The number of pulses reaching tqe MCS during the 
time the MCS is in a given channel is added to those counts in this 
channel from all previous sweeps, The sweep is allowed to repeat 
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itself until good statistics are obtained. It is usually stopped 
.when there is an average of about 40K counts/channel . 
. ' E, Vacuum' Sys tern 
31 
Fig. 8 shows the vacuum system and gas inlet manifb1d. !he 
pumping system·consists of an oil diffusion pump (NRC model HK'-750); 
an optically dense, water cooled baffle; an anti-migration, 1iquid-
ni trogen trap. (Granville-Phillips 30 li ter/sec model); and a 2~-inch 
bakeab1e valve (Varian 118 liter/sec model). The use of the bakeab1e 
valve in maintaining clean conditions in the: main vacuum chamber will 
be discussed in the section on experimental procedure. The speed of 
the pumping system is about 12 liters/second. 
An eight-inch extension is inserted between the valve and 
the main vacuum chamber to allow room for closure of the magnetic 
shield box. Thisextensibn contains a sublimation pump that is 
optically closed to the direct escape of the evaporating getter. Two 
getter lines are employed (one being a spare). Each line is four-
inches long and consists of two tungsten b.010-inch dia. wires and 
three molybdenum O. 013-inch dia,. wires wound tightly together. The 
getter pUmp has been found capable of reducing the system pressure 
about a factor of three over that achieved without it. It also is 
ya1uabLe in trapping any small amount of oil or other contaminants 
that are able to pass through the liquid nitrogen trap. 
I : 
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FIG, 8 Vacuum system and gas inlet network, 
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Chapter III 
EXPERIMENTAL PROCEDURES 
For convenience of presentation, the procedures outlined 
in this chapter are given in the order that they would generally be 
performed in starting the system for the first time. 
, 
, '. 
A. System Bakeout and Use of Bakeable Valve 
The usual bakeout procedure with an ultrahigh vacuum system, 
using either an oil or a mercury diffusion pump, consists of baking 
the champer arid trap simultaneously and then allowing both to cool. 
Another approach consists of baking the chamber and the trap simul-
taneously but allowing the trap to cool first. In either approach, 
pump vapors can enter the main chamber during the time that the trap 
is hot. In systems utilizing oil diffusion pumps, the vapors can 
result in hydrocarbon contamination of objects in the main chamber. 
This would be especially harmful in the present work since electron 
multipliers are poisoned by hydrocarbons and since it has been shown 
that carbon cannot be removed from tungsten by simply heating it to 
h · h 36 Lg temperatures. 
The pumping system for the present apparatus incorporates 
a water-cooled baffle and an anti-migration liquid nitrogen trap 
above an oil diffusion pump as shown in Fig. 8 (Chapter II). A 
bakeable stainless steel valve connects the pumping system to the 
vacuum chamber and makes it possible to bake the system out without 
34 
'1 ,,37 OL contamLnatLon. The sublimation pump between the valve and the 
main chamber mentioned in the previous chapter acts to further reduce 
the possibility of contamination from the pumping station, 
The pump down and bakeout procedure are as follows: With 
the bakeab1e valve closed, the vacuum chamber is roughed out through 
the gas inlet line (see Fig, 8), and the trap is baked and refilled 
with liquid nitrogen, Roughing completed, one closes the valve on 
the roughing line and opens the bakeab1e valve, The chamber and 
bakeab1e valve are then baked (because of the sensitive nature of the 
electron multiplier, only a 3000 C bakeout is used), During the bake-
out, the oxide cathode heater is turned on and operated at near its 
rated heater voltage in order to thoroughly outgas the cathode and 
the parts near it, After the initial heavy outgassing from the chamber 
and the cathode, the target is heated to about 1900 degrees C by 
electron bombardment and kept at this temperature for the remainder 
of the bakeout period. 
Bakeout generally is complete and is terminated after about 
twelve hours, When the chamber cools, the pressure usually falls to 
the high 10- 9 Torr range, The bakeab1e valve is then closed and the 
trap baked once more to remove gases adsorbed during chamber bakeout, 
The bakeab1e valve is opened after the trap is filled, and within a 
-9 day, the pressure in the chamber drops to the low 10 Torr range 
with the cathode heater operating, Subsequent flashing of the getter 
-10 pump reduces the pressure to the high 10 Torr range, The mo1yb-
denum evaporated from a single flash pumps actively for about seven 
hours, 
35 
B, MonochromatbrOperation 
The voltages governing monochromator operation are shown 
symbolically in Figs. 9, 10~ and 11, The alignment of the monochro-
mator proceeds as follows: V 
mono pass 
is adjusted to the,voltage at which 
one wishes electrons to pass through the monochromator. One then 
r2 
sets the voltages VM to + V . tn --r ) the theoretical value of - mono 1 pass 
the voltage on the deflection grids for passage of electrons of 
e.nergy e·,V . If it were not for differences in the work functions 
. ; mono pass 
of the various surfaces involved, electrons would now have a kinetic 
energy equal to the value e' V . as they reach the target chamber. PrJ. 
Compensations made in the value of VM to make the kinetic energy of 
electrons at the chamber entrance slit exactly equal to e . V . will pn 
be mentioned shortly. First though~ in order to get some current 
through the monochromator, the voltage V h must be adjusted so 
cat 
cont 
that most electrons emitted from the cathode reach the monochromator 
with kinetic energy. e' V 
mono pass 
To do this, V . is set at a few 
pr~ 
volts, and V
cath 
cont 
is adjusted to give maximum target current. 
current to the target is further maximized by adjustment of the 
The 
potential of the two plates located adjacent to the cathode (see 
Fig. 1). This alters the field around the cathode and affects the 
angular spread the electrons have as they enter the monochromator. 
With the target contact voltage set at roughly 0.10 volts more 
positive than ¢ - ¢ (see Fig. 11), VM is adjusted to a value t t.C. 
such that the target current just falls to zero as V . is reduced 
pr~ 
to zero. With VM set at the new value~ electrons of a slightly 
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different energy pass through the monochromator so a slightly different 
value of cathode contact voltage is now required to obtain the maxi~ 
mum current through the monochromator for a non-zero value of V ., 
. prL 
Once VM is adjusted in this manner, such that the target current just 
falls to zero at V . = 0.0, the value of e . V . will correctly prL prL 
indicate the kinetic energy of the electrons with respect to the 
target chamber. The last step in the adjustment of the primary 
energy scale with respect to the target is the compensation of the 
contact potential between the target and the target chamber. To do 
this, V . is set accurately to some small voltage. say 0.10 V, and prL 
the voltage, V , between the target and the target chamber is 
t~6Rt 
adjusted so that the target current just falls to zero. At this 
setting, the target surface is 0.10 V negative with respect to the 
target chamber. Thus by increasing V by 0.10 V, the contact t~6Rt 
potential between the target and the target chamber is exactly compen-
sated, and e'V . indicates the kinetic energy of the electrons as prL 
they strike the target surface. This procedure allows the zero of 
the primary energy scale to be set with an error of not more than 
0.02 eV. Naturally, if the target work function changes, as it will 
when the target is cleaned or when the target is exposed to gas, 
V must be reset. targ 
cont 
Generally VM does not need to be reset, but 
its correctness is checked often and occasionally needs some slight 
adjustment. 
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C, Control Circuitty Operation 
Figs, 9~ 10, and 11 show the pertinent electrical connec-
tions to the experimental apparatus for three modes of operation, In 
all of these modes~ all voltages other than V' are held constant 
sweep 
while data are taken, In each mode, V performs a different 
sweep 
sweep function. With the circuits of either Fig. 9 or 10, the energy 
of the secondaries reaching the energy-analyzer is swept~ and the 
distribution in energy of the electrons scattered from the target is 
obtained as V'sweep varies from 0.0 to V sweep 
max 
The circuit of Fig. 9 
references V to the target, and the circuit of Fig. 10 refer-sweep ..-
ences.V to the zero of primary kinetic energy. Structure in the 
sweep 
energy distribution which is due to some favored emission energy 
relative to the target will always appear at the same value of ¥ 
sweep 
independent of the value of V . if the circuit of Fig. 9 is used. prL 
Structure in the energy distribution which is due to discrete energy 
loss mechanisms of the target and are thus always a constant energy 
below the elastic peak are most easily detected and observed using 
the circuit of Fig. 10, which holds the elastic peak at a fixed value 
of V independent of the value of V .' 
sweep prL. 
The circuit shown in Fig. 11 (where ¥ varies the 
sweep 
energy of the primary electrons) is used to obtain elastic and 
inelastic reflection curves, An elastic reflection curve is the 
curve obtained by plotting the current output of the energy-analyzer 
versus the sweep voltage, V . = ¥ + V h'f where V (see prL sweep s L t acc 
Fig. 11) has been adjusted to the voltage required for the energy-
analyzer to pass the elastic peak. In the sa~e way~ one gets a 
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FIG. 9 Circuitry used for observation of "secondary" 
structure. A typical set of energy distributions 
as might be obtained for two different primary 
energies is shown in the lower portion of the 
figure. 
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"V l "inelastic reflection curve when V is increased by Vl from oss . ; acc oss 
the value required to obtain the elastic reflection curves and observes 
the output of the energy-anlyzer versus the sweep voltage, V ,= prL 
V + V h"ft' Though little experimental data have been taken by 
sweep s L 
others in the mode of Fig, 11, it has been found to be the mode which 
yields the most easily usable information concerning the band struc-
ture of the target, Although the ordinary energy distributions 
obtained also support the conclusions drawn from the elastic and 
inelastic data concerning band structure, they do not provide as much 
information, This will be discussed in the chap~ers on data presenta-
tion and analysis, 
D,. Operation of Detector Electronics 
The 17 stage BeCu electron multiplier has a nearly uniform 
gain of 107 for voltages from 1500 to 2200 V applied across the 
dynode resistor chain, The multiplier background counting rate 
increases from about 2 counts/minute to 30 counts/minute as this 
voltage across the resistor chain is increased from 1500 to 2200 V, 
The multiplier is operated at 1600 V at all times. The Tennelec 
100 B charge sensitive pre-amplifier is operated at a gain of 0,03 ~V 
per electron, and the Sturrup 2801 linear amplifier is operated at a 
gain of about 30, Pulses passing through the pre-amplifier and 
linear amplifier are coupled to the multi-channel-scaler via a ten-
to-one attenuator, The base line of the MCS input is set to accept 
nearly every signal pulse and reject essentially all amplifier noise, 
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This is possible 'because the electron multiplier produces a pulse 
that is quite a bit above the noise level of the pre-amplifier. After 
this setting is made, no changes are made at any time in the voltage 
across the multiplier resistor chain~ the linear amplifier gain~ or 
the MCS base line, It is important not to raise this base line 
setting or reduce the multiplier voltage in an attempt to reduce the 
counting rate if the rate might happen'to be too high, Changing 
either of these could cause the measured counting rate to depend on 
pulse coincidences to some extent and would lead to indicated 
counting rates that vary as square of the actual counting rate rather 
than as the actual counting rate, 
If the counting rate is too high for the electronics to 
operate properly, either the cathode temperature is reduced or the 
peak of the Maxwellian energy distribution of the cathode is moved 
slightly off the monochromator pass energy, Initially some evidence 
of the nonlinear counting rate effect were noted due to improper 
operation of t~e electronics, All data pres~nted here though are 
free of this type pf distortion, 
E, Target Preparation 
The (100) t4ngsten single crystal used in the present work 
had a total outgassing of 200 hours at 16000 C in another system 
previous to mounting it in this apparatus, In the present work, the 
target has been outgassed for 10 hours at 19000 C and has had addi-
tional flashings to 21000 C that cummu1ate to 3 hours, 
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The steps performed in cleaning the target before taking 
data are: 
1) evaporate some getter in the sublimij:;lation pump(if this has 
not Been done within about four hours), 
2) lift the target from the chamber using the yoke, lift-arm, 
and l;>e11ows·arrangement described earlier, and 
3) bombard the. target with 0,10 A of electrons with energy 
2200 eV, 
This bombardment wattage raises the target temperature to about 2100oC, 
After 30 seconds of heating, the bombardment is shut"~pff for a few 
seconds and then applied ag~ffn for about 10 seconds, While the target 
is being flashed, the vacuum pressure never rises above 10-8 Torr 
after the initial pressure surge due to the release of adsorbed gas. 
The pressure falls almost immediately back to the low 10-9 Torr range 
when the bombardment is terminated. The target is flashed clean at 
least once every 1000 seconds if the data being taken are claimed to 
represent those of a I c1ean" target, 
If the target is to be e~posed to a gas before data are 
taken~ the gas required must be let into the system in the proper 
amount via the gas inlet network shown in Fig. 8. Before letting the 
gas into the system, the line between 11 and 12 is evacuated via 1 2 , 
and the required gas bled into this line to approximately atmospheric 
pressure, The target. is then flashed, and the variable l~ak 11 is 
slowly opened until the desired pressure is obtai9~d. 
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F, System Development and Performance 
Prior to making the measurements presented in the next 
chapter, the· experimental apparatus was modified quite a few times 
for several reasons, The cathode and cathode support were modified 
most often of all parts, Too much magnetic field, not enough current 
into the monochromator, poisoning of oxide cathodes and shorting of 
cathode to monoch~omator were the main cathode probelems, These have 
been solved as described in the chapter on the experimental apparatus, 
After some time of operation~ the target lift mechanism cold welded 
on the slide rods, This problem was solved by using A1203 rather 
than metallic tubing as guides to glide on the slide rods, 
With these problems eliminated~ the apparatus was working 
quite well except for two problems, First, the general outline of 
the cathode Maxwellian energy distribution was visible in the energy 
distribution of the elastic peak, As V h was changed from the 
cat 
cont 
proper setting, the energy distribution of the elastic peak changed 
from a distorted Gaussian peak to two lower intensity peaks, One of 
these peaks remained at the original location of the elastic peak and 
the other 
changed, 
moved an energy roughly equal to the amount that V h was c~5nt 
This effect occurred regardless of the voltages applied to 
the collection plates of the monochromator, The second problem was 
that for certain voltages on the energy-analyzer collection plates~ 
super-elastic peaks occurred in the energy distribution, Both of 
these effects indicate that scattering was allowing electrons of 
improper energy to pass through the energy selectors, Platinum-black 
I· 
i 
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plating 0:(: all the collection plates in both the monochromator and the 
energy-analyzer has virtually eliminated these problems. 
A third prpblem whi.ch theoretically remains but is effec .. · 
ti.Velysolved is that ~f more than about 10,5 V is applied between 
deflection grid and corresponding collector plate, the effective 
transmission of the energy selectors is seriously reduced. This 
. effect is not difficult to explain. With a voltage between a col-
lection plate and the corresponding deflection grid, the effective 
potential of the grid is changed slightly due to field penetration 
through the grid. When the change in the effective grid potential 
is no longer insignificant compared to the applied voltage VM or VA' 
the energy selectors cannot be expected to work properly. With 
platinum-black plating of the collectors (see Appendix B) this 
problem disappears, even though technically still present, because 
only 3,0 V are required between deflection grid and collection plate 
to effectively eliminate the scattering problems in the monochromator 
and energy-analyzer. Field penetration could be reduced by using 
grids with dimensions smaller than the present dimensions. 
The target chamber also includes a grid in each of the 
three corners and a collection plate behind these grids (see Fig, 1). 
The work of Marmet and Kerwin31 and of G. J, Schulz 34 concerning 
multiple scattering probelms in scattering chambers indicated that a 
grid, collection-·plate arrangement in the chamber would be beneficial. 
One test of the effectiveness of grids and collection pl~tes in the 
tarset chamber is to lift the target out of the chamber, as is done 
46 
when it is cleaned by electron bombardment, and observe the count 
rate at the analyzer output as a function of the voltage placed 
between the grids and the collection plates of the target chamber. 
This test has shown that the background count due to multiple scat-
tering in the target chamber is substantially reduced as the 
collector plate potential is increased to a few volts; a potential 
of 9.0 V is used. Actually, these collection plates should also be 
platinum - blacked to obtain optimum performance. But, since the 
transmission through the target chamber due to scattering is already 
very low, plating the collection plates could not improve the per-
formance much. 
Fig. 12 shows the present energy resolution of the mono-
chromatar,energy-analyzer system (after all modifications) using 
VM = ± 0.25 and VA = ± 0.40 V (as was used in obtaining most of the 
data presented later), The figure is a plot of the energy distri-
bution of the elastic peak for 0.5 eV primary electrons incident on 
the clean, single-crystal, tungsten target. The width of the peak 
at half height is less than 75 meV, and it has been observed that 
this width varies only very slightly with primary energy. Further-
more, the width, 75 meV, is very close to the theoretically expected 
resolution of the instrument for the pass energies used. 
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Chapter IV 
PRESENTATION OF THE DATA 
A. Relationship of the Data to the Energy-Angular Distribution Function 
All of the data presented have been obtained by holding the 
monochromator and the energy-analyzer pass energies constant 
(VM = + 0.25 and VA ± 0.40 V for all data other than Fig. 30). Rather 
than sweep the energy-analyzer pass energy, electrons are accelerated 
by the sweep voltage to pass through the energy-analyzer. This has 
the advantage that the energy resolution of the system is constant 
(~ 72 meV) over the entire energy sweep. However, the lens action 
produced by this acceleration gives rise to a variation in the trans-
mission, T(E ), from the target chamber through the energy analyzer. 
s 
Although the variation is not large, it is not accurately known (see 
Appendix C). Thus, the various data cannot be presented as the energy-
angular distribution function of Chapter I. For this reason, the data 
are presented in terms of a quantity e, which is the number of ~ounts 
recorded in a given channel of the MCS divided by the number of 
electrons striking the target during the time that this channel 
accepts counts. a is related to the energy-angular distribution 
function of Chapter I by 
d2 
-> 
neE , E , 0 ) e = s p 0 dE d0 6E 1 601 T(E ) s s ' (8) 
where the integrals over the increments 6E1 and 601 of Chapter I have 
been replaced by their linear approximation. Since the resolution of 
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the energy-analyzer alone (with VA = ± 0,40 and using Eqs, (6) and 
(7) is roughly 0,060 eV, 6E1 = 0,065 eV. (6El is obtained by finding 
the width of a rectangular energy gate of the same height and area as 
that of a Gaussian which has full width at half height of 0.060 eV), 
The incremental observation solid angle, 601 , is 0.0012 and equals 
the fraction of 2n ster-radians that the entrance slit of the energy-
analyzer sub tends at the target. To first order, one obtains 
d2n(E ,E ,0 )/dE dO by dividing ~ by 0,065 X 0,0012 = 7,8 X 10-5 
s p 0 s 
(whereas, accurately, the division must be by 7.8 X 10-5 X T(E ), 
s 
B, Energy Distributions 
1, In troduc tion 
There are two types of structure which might appear in the 
energy distribution of secondary electrons: "secondary" structure 
due to charact~ristic emission energies of the target (and thus fixed 
in energy with respect to the target potential) and structure due to 
discrete energy losses caused by the target (and thus located at a 
fixed energy increment below the elastically scattered peak), As 
mentioned in the preceeding chapter~ the circuits of Figs. 9 and 10 
are appropriate for displaying these respective types of structure in 
a manner independent of the primary energy used, Energy distributions 
obtained using these circuits are presented in the following two 
subsections, 
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2, Secondary structure 
* The curves of Figs, 13 -16 illustrate the secondary electron 
energy distributions for the clean (100) tungsten target for several 
primary energies between 3,0 and 28,0 eV. The clean target energy 
distribution for 43,0 eV primaries is shown as part of Fig, 25, The 
notation "R number" above some of the curves denotes the ratio of 
the height of the elastic peak to the height of. the curve at the 
point marked by a dot, Actually~ the ratio is even larger than that 
given because T(E ) is a monotonically decreasing function of E 
s s 
The relatively large ratio of elastic-to-secondary height recorded at 
even fairly large primary energies (43,0 eV) is probably due to the 
fact that the experimental apparatus is set up such that specular 
scattering is observed, Figs, 17-25 illustrate, the changes in the 
energy distribution that take place when the clean target is exposed 
to a gas. The changes are illustrated for four gases and at seven 
primary energies between 4,0 and 43,0 eV, The curves illustrate that 
for moderate exposure of the .target to the gases N2~ H2~ CO, or O2 , 
the secondary electron energy distribution is only changed subs tan-
tia11y from that of a clean surface by O2 adsorption, 
Weak secondary structure is evident in nearly all curves of 
Figs, 13-25, Structure in the curves of Figs, 13-16 located at 
secondary energies that correlate with the energy location of structure 
* Because the experimental data, Figs, 13-45, are referred 
to in both Chapters IV and V, they are placed at the end of Chapter V, 
in the elastic-inelastic reflection data is indicated by light 
vertical lines. This correlation is discussed further in the next 
chapter, 
3,Discrete ene:txy loss structure 
Two types of discrete loss structure have been observed: 
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a discrete ene.rgy loss of about 0,8 eV which is present when the 
target is 6lean and is diminished in intensity when the target has 
beehexposedto g .. as, and a discr,ete energy loss structure which is only 
present when the t.1lrget has been exposed to gas, Figs, 26 and 27 
illustrate the presence of the 0.8 eV discrete energy loss for the 
clean target. !his structure will be mentioned again in the next 
chapter. 
·Figs, 28-30 exhibi t the discrete energy loss structure which 
is present only when the target has been ~xposed to gas. Fig, 28 
shows part of the energy distribution for 4,0 eV primary electrons 
incident on the target after the target had been exposed to 5 X 10- 4 
Torr-minutes of H2 with the Bayard-Alpert vacuum gauge not operating 
during the gas exposure and during data taking. The curve shown is 
very similar to that for a clean target surface, but it has a small 
discrete loss peak at about 0.40 eV below the center of the elastic 
peak which the clean target curve does not exhibit. The curves of 
Figs. 29 ~nd 30 also exhibit discrete energy loss structure, but it 
is of greater complexity. No record was kept of the primary beam 
current to the target £or these two curves so an arbitrary ordinate 
scale of 10.0 is us~d. The curve of Fig, 29 shows four discrete loss 
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peaks spaced at mUltiples of 0040 eV from the center of the elastic 
peak. The target had been exposed to 5 X io-4 Torr-minutes of N2 with 
the BoAo gauge operatingo For the same N2 exposure but with the B.A. 
gauge not operating during the exposure, the data looks very similar 
to that of a clean target (as shown in Fig. 13)0 The Bayard-Alpert 
gauge is thus either acting as a source of gas when another gas is 
let into the system or it acts to excite the gas introduced into 
states which are actively adsorbed by the clean target o Prior to 
taking the data shown in Figo 30, the overall energy resolution was 
improved from the usual 72 meV used by reducing the monochromator and 
energy-analyzer pass energy until the elastic peak was 30meV wide at 
one half height, and the target was exposed lightly to both 
-5 -5 H2 (4 X 10 Torr-seconds) and N2(2 X 10 . Torr-seconds) with the BoAo 
gauge left one 
The dotted curve at the lower right of the bottom curve of 
Figo 30 shows the shape of this region of the elastic peak for a 
clean target surface o With this feature of the clean surface distri-
bution in mind, it is apparent that several processes are involved 
in the creation of the discrete energy loss structure shown for the 
gas covered surface o First, two small discrete energy losses of 
roughly 80 to 170 meV occuro Second~ two ~u1tiples of a 400 meV 
discrete energy loss similar to that of Figo 29 are shown to exist o 
Finally, the presence of the small loss-peaks at 80 and 1'70 meV to 
the left of the 400 meV discrete energy loss peak show that combination 
loss processes can occuro These small discrete energy losses are quite 
t, 
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~~rtainly dUe to the e~citation of various vibrati6nal ~nergy l~veLs 
.0£ gas complexes adsorl?ed on the target surface, Since replacement 
adsorption is known to occur at the walls of a vacuum chamber, even 
w{th the B.A. gauge off, the gas leaked in may not l?e the gas respon-
sible for the di~crete energy losses bbserved, . However, 0,40 eV is 
quite nel;lr the excitation energy for the HN bond, and since the loss 
peaks are most teac;iily observed when H2 and N2 a~e let into the 
system together, the HN bond is probably what gives rise to the mul-
tiple 400 meV discrete energy loss peaks. 
It should be noted, in concluding this subsection, that an 
attempt was made to see phonon broadening or shifting of the elastic 
pel:tk by observing the position and the width at one half height o.f 
thE! elastic peak for' each of several primary energies. While looking 
fot these phonon effects, an overall resolution ofqbout 50 meV was 
used so a 10 meV shift or a 10 meV broadening of the elastic peak 
would easily have been observed, No shifts or broadening were 
observed for primary energies from 3.0 to 70,0 eV. 
C. Elastic and Inelastic Reflection' Coefficient 
1, Introduction 
The figures presented in this section were obtained using 
the circuitry of Fig. 11 and the procedure outlined in Section C of 
Chapter III. Since the data of Figs. 31-45. were obtained using .the 
same energy selector pass energies as used in obtaining.the curves 
of Figs. 13-29, the amplitudes of the present curves can qe compared 
with those'of the previous figures. However, since the present data 
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varies greatly in amplitude, both a scale and a multiplicative factor, 
M,F" are employed to indicate the curve height, The actual curve 
height is the product of the multiplicative factor and the indicated 
curve height. 
Distortion due to the lens action caused by the accelera-
ting or; decelerating electric field between the target chamber and 
the energy-analyzer naturally is still present and accounts for at 
least some of the decrease in the recorded elastic reflection coef-
ficient at high (20 to 110 eV) primary energies, In sweeping the 
primary energy from zero to twenty electron volts, the transmission 
effect probably does not favor low energies (0,2 eV) compared to 
high energies (20,0 eV) by more than a factor of four for the energy-
analyzer pass energy used (see Appendix C), 
2, Elastic reflection coefficient 
Figs, 31 and 32 show the "elastic reflection coefficient" 
for the single crystal (100) tungsten target flashed clean before each 
curve was taken, Since these figures are for elastic reflection, the 
curve amplitudes (especially at low primary energies where there is 
little other than elastic reflection occurring) are large compared to 
the amplitades of the energy distribution curves, The data, as 
recorded and presented, are 
[3 
d2n(E ,E (2) 
s p' 0 
dE dO 8E l 801 T(E ) s s (9) 
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where in this case both E and E vary since for elastic reflection 
s p 
Es = E and E is swept over the range specified, Here, though, 8E l . p p 
is 40 meV rather than 65 meV because the energy-analyzer is set to 
pass the elastic peak but the monochromator pass energy is less than 
the energy-analyzer pass energy. The structure in the 0,0 to 10,0 eV 
elastic reflection coefficient is discussed in Chapter V. The 10.0 
to 110.UeV portion of the elastic reflection data is not discussed. 
Elastic reflection data were also taken for the target 
exposed to each of the gases NZ' HZ' CO, and OZ' The data for NZ' HZ' 
and CO are very simi~ar in both shape and amp1ftbde to that for the 
clean surface and are therefore not illustrated. Two differences 
between the reflection coefficients for the clean and gas covered 
target surface are observable. First, the elastic reflection coef-
ficient for a NZ~ HZ' or CO covered target (for an exposure of about 
5 X 10- 4 Torr-minutes) is slightly larger at high primary energies 
than that of a clean target (respectively 1.44, 1.54, and 1.15 times 
as large as for clean target at 40 eV primary energy). At low primary 
energies the reflection coefficient for the gas covered target is 
slightly less than that for the clean target (respectively 0.9Z, 0.95, 
and 0.83 times as large as for clean target at 6.0 eV primary energy). 
The change of the coeffici~nt, from being slightly less than that for 
the clean surface to being slightly greater, is gradual and is not 
evident until a careful comparison is made. Finally, the gases NZ' 
HZ' and CO slightly diminish the structure in th~ low energy (zero to 
ten electron volts primary energy) curve. 
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The elastic reflection from the target covered with 02' shown 
in Fig. 33, appears quite different from that for the clean target. 
Since the primary current to the target was not recorded, the .curves 
of Fig. 33 are displayed with an arbitrary ordinate scale of 10.0. 
Even though the data appear to be quite different than that of Fig. 31 
fora clean target, in the following chapter they will be shown to be 
directly related to the data for the clean surface. The correspon-
dence between the data for the clean and the 02 covered target becomes 
apparent when one shifts the 02 data 1.75 eV (the change in the 
target work function for 02 adsorption) with respect to the clean 
data so that both energy scales have the same relationship to the 
target Fermi level (see Fig. 43). Since N2 , H2 , and CO increase the 
target work function by only 0.02, 0.00, and 0.33 eV, any data shift 
due to adsorption of them would be difficult to observe because of 
the broadness of the structure involved, 
Figs. 34 and 35 illustrate how the 0.0 to 10.0 eV clean 
target elastic reflection coefficient changed with the target history. 
Elastic reflection curves for higher energy primaries showed no such 
effect. Curve A is for the clean target soon after it was installed 
in the system but after some exposure to CO and flashing. Curve B 
is for the clean target after it had been exposed to 5 X 10- 4 Torr-
minutes N2 and peen flashed to 21000 C many times in ultrahigh vacuum. 
Curve C and curve D are for the target after 02-cleaning it the first 
and second time in an attempt to remove carbon which is supposedly 
not removed by simply flashing the target to a high temperature. 36 
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Since no record was kept of the current incident on the target for 
curves B, C, or D, they are arbitrarily normalized to curve A at 
6,0 eV primary energy. In the "02-cleaning process," the target is 
o -7 heated to 1200 C in the presence of 5 X 10 Torr pressure of O2 for 
a period of three to four minutes, During this time, the O2 and the 
carbon on the target form CO and CO2 , which are evolved as gases and 
pumped away, Finally, the O2 is pumped out of the system~ and the 
target is flashed to 20000 C to remove the tungsten-oxide. 
3, Inelastic reflection coefficient 
The data recorded and presented as the "inelastic reflection 
coefficient" are 
~ 
d2n(E , E , [1 ) 
s p 0 
dE dO!:'El t£2 l T (E ) s s 
(10) 
where E = E - El ,and E varies over the range specified. 
s p oss P 
~El = 65 meV, again, as in Eq. (8). Figs, 36 and 37 show the inelastic 
reflection from the clean target for several values of El with a 
oss 
primary energy sweep from zero to ten electron volts. Figs. 38 and 
39 illustrate the same data but replotted with each loss-curve moved 
to the left by the appropriate loss energy. With this change in 
position of the curves, the horizontal scale represents the energy of 
the secondary electrons passed by the energy-analyzer rather than the 
energy of the primary electrons striking the target. The open and 
closed circles, triangles, and squares in Fig. 36-39 are placed on 
the curves at the en~rgy locations where structure would occur on the 
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basis of the emission process outlined in the next chapter. The 
vertical lines in these figures emphasize the fact that, with the 
primary energy as the abscissa, the open symbols lie at specific 
energies •• nd with the secondary energy as abscissa, the closed 
synlbo1s lie at the same specific energies . 
. Thei~e1astic reflection data for N2 , H2 , and CO adsorbed 
on the target is very nearly the same as the corresponding data for 
a clean target. The curves of Fig. 40 illustrate: these data for 
0.0 to 10.0 eV electrons incident on the target exposed to H2 . 
Fig. 41 shows the inelas tic reflec tion da ta for 0.0 to 10.0 eV 
electrons incident on the target exposed to 3 X 10-~ Torr-minutes 
of O2 , and Eig. 42 shows the same data with each loss-curve moved 
to the left by the appropriate loss energy. As mentioned earlier, 
Fig. 43 will be used for establishing the correlation between the 
elastic reflection data for the clean and the 02-covered target. 
Figs. 44 and 45 will not be discussed but are enclosed for 
completeness. They illustrate the elastic and inelastic reflection 
coefficient for the clean target with the respective primary energy 
ranges 10.0 to 20.0 eV and 20.0 to 30.0 eV for three values of El . 
oss 
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Chapter V 
ANALYSIS OF THE DATA 
bo Elastic and Inelastic Reflection from a Clean rarget 
The data that will be referred to in this section are shown 
in Figs, 36 through 39 0 Figs, 36 and 37 illustrate the elastic and 
various inelastic reflection curves for the primary energies between 
0,0 and 10,0 eV, Figs, 38 and 39 show the same data but with the 
various inelastic reflection curves shifted to the left by an energy 
equal to the appropriate El ,With this shift, the abscissa 
oss 
represents the secondary energy of the electrons leaving the target 
that are passed by the energy-analyzer, There is substantial 
structure in the curves of these figures, and at first sight there 
does not appear to be any quantitative correlation of the energies of 
the peaks in the curves plotted against either primary ot secondary 
energy, However, rather complete correlation results if one ~ssumes: 
1) that there is an enhanced emission at all secondary energies 
when the primary energy is 1,2, 2,8, and 4,05 eV, and 
2) that there is an enhanced emission when the secondary energy 
is 1,2, 2,8~ and 4,05 eV regardless of the primary energy, 
Thus, for the elastic curve (E = E ) of Figs, 36 and 38 
s p 
there should be peaks at each of these energies (1,2, 2,8, and 4,05 eV). 
Inspection of the elastic curve shows that, on the slope of the 
strongly decreasing elastic reflection coefficient of the form 
predicted by MacColl,20 there is a tendency for increased emission 
at these energies, 
The structure in the inelastic curves is more complex. 
Since E # E , the peaks in general occur twice, once at 1.2, 2.8, 
s p 
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and 4.05 eV primary energy and once at 1.2, 2.8, and 4.05 eV secondary 
energy. For example, for El = 0.5 eV, there are peaks at E equal 
oss p 
1.2, 2.8, and 4.05 ~v and at E equal 1.7, 3.3, and 4.55 eV. The p 
latter three peaks are those that occur at 1.2~ 2.8, and 4.05 eV 
secondary energy, where, for Eloss 0.5, the primary and secondary 
energy are related by E = E + 0.5. p s 
The open circles, triangles, and squares in the figures 
indicate the location of the peaks in primary energy and the closed 
circles, triangles, and squares indicate the location of the peaks 
in secondary energy. It is seen that these marks indicate the location 
of the structure fairly accurately. Considering the 0.5 eV loss 
curve of Fig. 36 again, the broad peak at 1.2 eV is seen to be due to 
the combination of a peak at 1.2 eV primary energy and one at 1.7 eV 
primary energy (the 1.2 eV secondary energy peak). The structure in 
each of the curves of the Figs. 36 and 37 or Figs. 38 and 39 can be 
explained by this hypothesis of favored electron emission at 1.2, 
2.8, and 4.05 eV primary and secondary energies. 
The favorable emission of electrons at definite secondary 
energies has been mentioned earlier as being due to properties of the 
crystal that cause larger numbers of electrons to be scattered to 
certain energies than to other energies. Several effects can cause 
such a phenomenon when primary energies are large, but at low primary 
energies, incident electrons are inelastically scattered mainly by 
conduction band electrons. Consider what one is observing 
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experimentally when a given El curve is taken and plotted versus 
ass 
secondary energy, as are the curves of Figs. 38 and 39. The proba-
bility of an incident electron of energy E losing an energy El by p ass 
exciting electrons near the Fermi energy, EF , i~ proportional to 
peE ) 
s 
6=Elos s 
ot f P (Ep 
6=0 
- El ) peEF + 6 - El ) p(EF + 6)\H· f I2d6 ass ass ~ (ll) 
where Hif is the matrix element of the interaction between the initial 
and final states, p(EF + 6 - Elos s ) and p(EF + 6) are the density of 
initial and final states for the excited electron, and peE - El ) pass 
is the density of final states for the "scattered" incident electron. 
If HOf is not a strong function of E , the term peE - El ) may be ~ p p ass 
removed from the integral. The rest of the integral is a constant 
for a given value of El . Consequently, in this approximation, 
ass 
independently of the primary energy~ the number of electrons at 
E = E - El is proportional to peE - El ), and this number will 
s p ass p ass 
be large when peE - El ) is large. For elastic scattering in the pass 
crystal, a similar result would hold, that is, elastic scattering will 
tend to be large when there is a high density of states at the energy 
of the primary electron. 
In order for the enhanced scattering predicted by these 
arguments to be observed externally to the crystal, the mechanism of 
emission must be such that the density of states information is at 
least partially preserved. The present experiment detects secondary 
electrons at a given angle of emission. The most straightforward 
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calculation (for this experimental situation) based on this type of 
density of states argument is to assume that the bombarding electrons 
produce equal population of all accessible excited states and to assume 
simple refraction at the crystal surface to determine the numl:>er of 
electrons leaving the crystal in the measurement direction. 
Such a calculation has been performed by making use of the 
* augmented plane wave calculations carried out by Mattheiss for 
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tungsten. Mattheiss gives the value of E versus k , k , and k at 
x y z 
several points within the reduced Brillouin zone for each of several 
bands. Four bands for which he gives data lie at least partially 
above the vacuum level, and thus can contribute to emission. Using 
the data for the appropriate two dimensions in k-space, a computer 
program was written to find the coefficients of a 25-term Fourier 
series (that was selected to possess all the symmetry properties of 
the Brillouin zone) for the surface passing through each of th~ points 
in this plane. For each of the four bands, the computer program 
determines the density of states, versus emission energy, which are 
connected to the observation direction via surface refraction. This 
calculation was carried out for the two band structures calculated 
by Mattheiss. In both cases, rather sha~p structure is predicted in 
the energy distribution of the electrons leaving the crystal. 
* Mattheiss used two pseudo-potentials, VI(r) and V2(r), for 
his calculations, Vz(r) being identical to Vl(r) except that the 
exchange potential of VZ(r) is reduced by 30%. The author is indebted 
to Dr. L. F. Mattheiss for sending the unpublished numerical results 
of the V2(r) calculation. 
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The position in. energy of this structure is different for the two 
calcu1ations~ but neither calculation gives energies which agree with 
the observed structure, If the location of this predicted structure 
is assumed to depend linearly on the strength of the exchange potential 
portion of the pseudo-potential, peaks at 0,3 and 1,20 eV secondary 
energy are predicted when the exchange potential is reduced from that 
of V1(r) by 40%, This is in agreement with one of the peaks (1,2eV) 
in each of the inelastic loss curves and with the peak at 0.3 eV in 
the elastic reflection curve; however, with this value of exchange 
potential, no way can be seen to obtain the 2.80 or the very evident 
4.05 eV secondary energy set of peaks. 
Assuming the same linear dependence of the position of the 
structure on the strength of the exchange potential used, the calcu-
lation predicts a peak at 0,3 eV secondary.energy via surface refrac-
tion when the exchange potential is reduced from that of V1(r) by 20%. 
For this choice of pseudo-potential, the calculation does not predict 
any structure due to surface refraction at 1.2, 2.8, or 4.05 eV; 
however, the H25H , H15 , and N3 symmetry points are located at approxi-
mately 1.2, 4.0, and 2.8 eV,respectively, for this pseudo-potential. 
Since the density of states is high at these symmetry points and 
since, for this intermediate value of pseudo-potential, the energies 
of the symmetry points agree quite well with the observed structure, 
the structure observed is very likely related to the symmetry points. 
However, the assumption of simple refraction at the surface is not 
adequate, because this predicts that electrons from H25 ,(1.2 eV) and 
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H15(400 eV) would be emitted in the direction of the crystal normal 
and that electrons from N3(208 eV) would be internally reflected o 
A reasonable explanation of the preferred emission of 
electrons at secondary energies 102, 2 0 8. and 4.05 eV (regardless 
of the primary energy involved) is that inelastic scattering of the 
primary electrons results in a relatively large number of electrons 
in the high density of states around the symmetry points (just as 
indicated in the argument above), but that, during the escape of these 
electrons, some are elastically scattered at the surface into the 
measurement direction o This argument is strengthened by the 
following considerations. The momenta of the electrons in the states 
around the HIS and H25 , high-symmetry points are along the 100 
directions 0 Since, one-sixth of these electrons are moving directly 
towards the surface, a relatively large fraction can escape and 
contribute to the observed structure o The momenta of the N3 electrons 
are along the 110 directions. The escape probability of these 
electrons is probably not as large as for the H15 and H25 , electrons; 
however, electron emission enhancement, due to the relatively large 
component of momentum along the direction normal to the target surface 
of the N3 electrons, might also be expectedo 
A similar argument applies to the enhanced emission for all 
secondary energies when the primary energy is 102, 208, and 4 005 eVo 
In this case, elastic scattering of the primary electrons in the 
crystal populates the high density of states around the high-symmetry 
points. Again, one-sixth of the electrons in the H15 and the H25 , 
states are moving directly towards the crystal surface o Thus, a 
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relatively large number of these electrons can reach the surface and 
inelastically scatter into the measurement direction, giving enhanced 
emission at all secondary energies. A similar argument should again 
hold for the N3 electrons. 
A summary of the mechanisms proposed to ~xplain the data of 
Figs. 36-39 is: 
A) Elastic reflection 
1) a strong decrease in the 0-5 eV region due to a decrease 
in the surface reflection as treated by MacCo11 
2) structure superposed on the decreasing surface elastic 
reflection due to elastic scattering into the states n~ar 
the symmetry points followed by elastic scattering at 
the surface 
3) a peak at 0.3 eV due to surface refraction 
B) Inelastic reflection 
1) structure fixed in secondary energy~ due to inelastic 
scattering of the primary electrons into the states 
around the high symmetry points followed by elastic 
scattering at the surface 
2) structure fixed in primary energy, due to elastic 
scattering of the primary electrons into the states 
around the high symmetry points followed by inelastic 
scattering at the surface. 
The discussion above has been limited to the structure in 
the region of 0-5 eV secondary energy. It will be noted that a broad 
peak exi$ts at 6.1 eV and that there is a tendency for this peak to 
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appear at both 6,1 eV secondary and primary energies. However, due 
to the broadness of this peak and to the lack of band structure infor-
mation for this energy range~ this structure will not be discussed. 
Naturally the explanations given for the structure are only 
tentative. If an experimental angular distribution measurement were 
made and it showed large secondary emission peaks in the normal 
directions for 1.2 and 4.0 eV for a (100) tungsten target and a large 
secondary emission peak in the normal direction at 2.8 eV for a (110) 
tungsten target, the mechanisms suggested would be on much sounder 
ground. Because 02-cleaning is found to etch tungsten,39 the nearly 
complete absence of the peak at 0.3 eV after 02-c1eaning of the 
target, as shown in Fig. 35~ might be used to support the argument 
that the mechanism suggested for the existence of the 0,3 eV peak is 
correct. However, if the peak happened to be due only to strong 
surface reflection, the same sort of loss in intensity would be 
observed when the previously smooth surface was etched. Since ,the 
remaining structure at 1.Z0, 2.80, and 4.0 eV is essentially unchanged 
by 02-c1eaning, the argument that these peaks are associated with the 
bulk density of states rather than surface refraction is given some 
validity. 
B. Elastic and Inelastic Reflection from a Gas Covered Target 
As mentioned in the previous chapter, the elastic and inelas-
tic reflection data for gases NZ" HZ' or CO adsorbed on the target are 
very similar to the data for a clean target. Three inelastic loss 
reflection curves for H2 adsorbed on the target are illustrated in 
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Fig. 40. These curves may be compared with the clean target data of 
Fig. 37, and are seen to be nearly identical except for some difference 
in amplitude, 
Fig, 41 illustrates the elastic and inelastic reflection 
for the O2 covered target in the 0,0 to 10,0 eV primary energy range. 
Fig, 42 shows the same data but with the inelastic curves moved to 
the left by the appropriate El so that the abscissa represents 
oss 
the secondary energy passed by the energy analyzer, As can be 
noticed, peaks occur in both figures at 4,35 eV, (primary and secon-
dary energy, respectively). This is the same sort of structure 
observed for the clean surface, and the explanation is quite probably 
the same. 
When O2 is adsorbed by the target, the target work function 
increases from its clean target value by 1,75 eV, If the elastic 
and inelastic reflection data are related to the band structure as 
indicated in the discussion given above, the reflection data for the 
clean target should be related to the reflection data for the O2 
covered target provided that the 1.75 eV work function change is 
taken into account, Fig. 43 shows the elastic reflection data for 
the clean and the O2 covered target, The abscissa is given in terms 
of the energy that the secondary electrons have with respect to the 
Fermi level of the target, To achieve this relation for both curves, 
the curve for the O2 covered target is shifted to the right by 1,75 eV 
with respect to the clean-target curve, As the light vertical line 
at 7.30 eV on the abscissa of Fig. 43 indicates, there is strong 
evidence that the 2.80 eV peak in the clean-target elastic reflection 
."---.-_._--_ .. _------. 
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curve corresponds to the 1,0 eV peak in the elastic reflection curve 
for the target exposed to O2 , The light vertical line at 8,55 eVon 
the abscissa of Fig. 43 shows that the 4.05 eV peak for the clean 
target has at least a weak counter-part in the O2 covered target, 
Some correspondence between the broad 6,1 eV peak in the c1ean-
target reflection data and the sharp peak in the 02-cover-target, 
elastic-reflection data seemS to exist as indicated by the light 
vertical line at 10.6 eV on the abscissa of Fig, 43, 
In summary of this section, the elastic and inelastic data 
for the target exposed to O2 are found to be related to the band 
structure of the target and to the reflection data for the clean 
target. The explanation of the structure at the vertical lines of 
Figs, 41 and 42 has been assumed to be the same as those given for 
the same type of structure for the clean target. 
C, Structure in the Secondary Electron Energy Distributions 
The light vertical lines in the electron energy distributions 
for primary energies between 3,0 and 28,0 eV for a clean target, 
illustrated in Figs, 13 - 16, show that for at least some primary 
energies, the secondary energy distributions have structure at the 
secondary energies 1,20, 2.80, and 4.05 eV which have been noted 
above as being characteristic of the band structure of tungsten. 
However, structure at secondary energies other than these also occurs 
and not all of the curves for a clean target have structure at the 
secondary energies 1.20 and 4.05 eV. The 2.8 eV secondary' structure 
is observed at least weakly in all curves of these figures though. 
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The curves of Figs. 26 and 27 for a clean target indicate 
that for all primary energies used, a discrete energy loss of roughly 
0.8 eV occurs. The exact value of the energy loss seems to be a 
function of the primary energy. The cause of this discrete loss is 
nearly certainly associated with the density of states in the vicinity 
of the Fermi level. However~ the curves of the total density of 
states calculated and illustrated by Mattheiss do not show structure 
in the vicinity of the Fermi level which would allow a straightforward 
explanation of the 0.8 eV discrete energy loss. 
D. Summary 
A monochromator~ target, target chamber, energy analyzer 
apparatus for the study of secondary electron emission at low energies 
and high resolution has been designed and construct~d. Considerable 
care has been taken in the design to eliminate space-charge, magnetic 
fields~ and variation of contact potentials in the region of the 
electron trajectories. 
Secondary energy distributions and elastic and inelastic 
reflection data have been obtained for primary energies between 0 and 
50 eV for a (100) tungsten single crystal target. Much structure is 
evident in the elastic and inelastic reflection curves. This 
structure is found to be related to the target band structure, and 
with the assumption that elastic and inelastic scattering at the 
target surface deflect some electrons emitted from high densities of 
states within the target into the observation angle, the structure 
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is found to be at energies roughly in agreement with theoretical 
calculations of the energies of high symmetry points of tungsten in 
the region above t~e vacuum level. The low energy end of the 
secondary electron energy distributions is found to show some 
structure at these same preferred emission energies, and thus the 
secondary structure also carries information concerning the target 
band structure. 
Two types of discrete energy loss have been observed. For 
a clean target, a discrete energy loss of 0.8 eV is observed for all 
primary energies. And~ after the target is exposed to various gases, 
multiple discrete energy losses are observed. The latter structure 
is quite certainly due to the excitation of various vibrational 
energy levels of the adsorbed gas. The application of this technique 
to observe these mUltiple energy losses will nearly certainly yield 
valuable information concerning adsorption kinetics. 
The logical extension of the present study is to make 
angular measurements, again at high energy resolution. This extension 
will yield more information concerning the target band structure when 
elastic and inelastic reflection measurements are made. And, it will 
yield more information on adsorption kinetics when vibrational mode 
energy losses, due to adsorbed gases~ are observed. 
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Appendix A 
RHODIUM PLATING OF PARTS ADJACENT TO ELECTRON TRAJECTORIES 
The deflection grids are made from 302 stainless steel by 
photo-chemical milling. As indicated in Section B of Chapter II, 
proper operation of the energy selectors at low pass energies cannot 
be obtained unless the work function of each of the deflection grids 
and aperature plates are quite uniform. Since the work function of 
302 stainless steel is not uniform enough for the present application, 
so~e type of plating of the parts must. be employed. Because the 
vacuum chamber must be baked. in order to get ultrahigh vacuum, the 
plating used must not be affected by bakeout temperature. 
Experimentally, gold was found to be unsatisfactory because it 
diffuses quite readily into stainless steel at 3000 C. Rhodium 
plating is used because it was found to be uneffected by extensive 
baking in vacuum at 4000 C. The plating procedure used is: 
1) 
2) 
* 
dry H2 fire the stainless steel parts at 10500 C 
* plate the parts immediately in Rhodium X-less solution. 
Made by Technic Incorporated of Providence, Rhode Island. 
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Appendix B 
PLATINUM-BLACK PLATING OF ELECTRON COLLECTION PLATES 
As explained in Section F of Chapter III, the apparatus was 
first assembled and used without the platinum-black treatment of the 
monochromator and energy-analyzer electron collection plates. The 
$uper-elastic peaks and other erroneous effects observed indicated 
quite clearly that electron scattering in the monochromator and energy-
analyzer was occurring. It was not definitely know whether the scat-
tering was occurring at the deflection grids or at the collection 
plates, but scattering from the collection plates seemed the most 
likely. The collection plates of both monochromator and energy-
analyzer were platinum-blacked. The platinum-black plating procedure 
used is: 
1) clean the part to be plated in glass-bead vapor blast 
2) dip the part immediately in concentrated HC~ for about 30 
seconds 
3) plate in H~, platinum plating-solution until a uniform 
light black film forms (with 6 volts applied between the part 
and a platinum anode) 
4) rinse the part and plate it in H2S04 , platinum plating-
solution (with about 6 volts plating Voltage) until a solid 
black film forms. 
Step three takes about one minute, and step four takes nearly five 
minutes. 
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The composition of the two plating solutions are: 
HC~-solution: 500 ml, H20; 10 ml~ HC~; 5,4 grams, Platinum 
Chloride, 
H2So4-solution: 500 ml, H20; 5 ml, H2S04; 5,4 grams, Platinum 
Chloride, 
Platinum Chloride: H2PtC1 6 , 6H20, 
The HC~-solution forms a good bond with the stainless steel but is 
fairly smooth, The H2S04-solution plates nicely on top of the 
HC~-plating and is rich in surface area, 
Appendix C 
ELECTRON TRANSMISSION 3 T(E ) 
s 
The electron transmission function, TCE ), introduced in 
s 
Chapter IV actually involves two effects: 
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1) the variation in the number of electrons able to enter the 
energy-analyzer entrance aperature due to the acceleration 
that electrons undergo between the target chamber and the 
energy-analyzer 
2) the loss of some electrons within the energy-analyzer because 
their angle-of-entrance is larger than the analyzer angle of 
acceptanceo 
Both of these effects are related to the lens action caused by the 
electric field between the target chamber and the energy-analyzer; 
and, if the electron lens problem were completely solved and if proper 
consideration were given to the angle-of-entrance of electrons 
entering the energy-analyzer, the function T(E ) would be accurately 
s 
known 0 
Some calculations have been made concerning the trajectories 
of electrons in an electric field that roughly approximates that of the 
actual fieldo The calculation assumes a uniform electric field 
between the exit aperature of the target chamber and the entrance 
aperature of the energy-analyzer, the actual lens action at the slits 
being neglectedo The target chamber exit slit is considered as being 
made up of 33 narrow "sub-slits" each acting as a "source" of electrons 
with some specified emission energy and with all the emission angles 
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possible considering the region of the target bombarded by the primary 
electrons, The trajectories of the electrons in the assumed uniform 
electric field are known to be parabolas, Thus, for a given emission 
energy~ acceleration energy~ sub-slit position, and emission angle, 
the angle of incidence and the location that the electron strikes the 
energy-analyzer slit plate can easily be calculated, 
A computer program was written that finds the number of 
D,l-degree angular intervals subtended at a given sub-slit by the 
bombarded region of the target from which electrons are able to enter 
the energy-analyzer entrance slit with angle-of-entrance less than 
3,5 degrees, Repeating this calculation at each of the 33 sub-slits, 
the program obtains a net number of Dol-degree angular intervals from 
which electrons can enter the entrance slit of the analyzer with 
angle-of-entrance less than 3,5 degrees for a given emission and 
acceleration energy, 
The calculation is done for many combinations of emission 
and acceleration energies which together result in the electron having 
a final energy equal to the analyzer pass energy, Each such calcu-
lation gives a net number of D,l-degree transmission intervals, that 
is, a relative transmission number, These relative transmission 
numbers are then normalized such that the case for zero acceleration 
has transmission value equal to unity, Fig, 46 illustrates the resul-
tant TCE ) for two different energy-analyzer pass energies, Since 
s 
the actual lens effects completely neglected in this calculation are 
probably as important as the portion of the problem considered, little 
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more can be said about the actual function T(E ) without a great deal 
s 
more calculation. 40 ,4l If a valid T(E ) were obtained for the 
s 
correction of the secondary energy distribution data, it could also 
be used to correct the elastic and inelastic data recorded against 
E by using the value of T(E ) at E = E - El . P ssp oss 
111 
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